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TeV Scale Leptogenesis
P. S. Bhupal Dev
Abstract This is a mini-review on the mechanism of leptogenesis, with a special
emphasis on low-scale leptogenesis models which are testable in foreseeable labo-
ratory experiments at Energy and Intensity frontiers. We also stress the importance
of flavor effects in the calculation of the lepton asymmetry and the necessity of a
flavor-covariant framework to consistently capture these effects.
1 Introduction
Our Universe seems to be populated exclusively with matter and essentially no an-
timatter. Although this asymmetry is maximal today, at high temperatures (T & 1
GeV) when quark-antiquark pairs were abundant in the thermal plasma, the baryon
asymmetry observed today corresponds to a tiny asymmetry at recombination [1]:
ηB ≡ nB− nB
nγ
=
(
6.105+0.086−0.081
)
× 10−10 , (1)
where nB(B) is the number density of baryons (antibaryons) and nγ = 2T 3ζ (3)/pi2
is the number density of photons, ζ (x) being the Riemann zeta function, with
ζ (3) ≈ 1.20206. Baryogenesis is the mechanism by which the observed baryon
asymmetry of the Universe (BAU) given by Eq. (1) can arise dynamically from
an initially baryon symmetric phase of the Universe, or even irrespective of any
initial asymmetry. This necessarily requires the fulfillment of three basic Sakharov
conditions [2]: (i) baryon number (B) violation, which is essential for the Universe
to evolve from a state with net baryon number B = 0 to a state with B 6= 0; (ii) C and
CP violation, which allow particles and anti-particles to evolve differently so that
we can have an asymmetry between them; (iii) departure from thermal equilibrium,
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which ensures that the asymmetry does not get erased completely. The Standard
Model (SM) has, in principle, all these basic ingredients, namely, (i) the triangle
anomaly violates B through a non-perturbative instanton effect [3], which leads to
effective (B+L)-violating sphaleron transitions for T & 100 GeV [4]; (ii) there is
maximal C violation in weak interactions and CP violation due to the Kobayashi-
Maswaka phase in the quark sector [5]; (iii) the departure from thermal equilib-
rium can be realized at the electroweak phase transition (EWPT) if it is sufficiently
first order [6]. However, the SM CP violation turns out to be too small to account
for the observed BAU [7]. In addition, for the observed value of the Higgs mass,
mH = (125.09± 0.24) GeV [8], the EWPT is not first order, but only a smooth
crossover [9]. Therefore, the observed BAU provides a strong evidence for the exis-
tence of new physics beyond the SM.
Many interesting scenarios for successful baryogenesis have been proposed in
beyond SM theories; see e.g. [10]. Here we will focus on the mechanism of lepto-
genesis [11], which is an elegant framework to explain the BAU, while connecting
it to another seemingly disparate piece of evidence for new physics beyond the SM,
namely, non-zero neutrino masses; for reviews on leptogenesis, see e.g. [12, 13].
The minimal version of leptogenesis is based on the type I seesaw mechanism [14],
which requires heavy SM gauge-singlet Majorana neutrinos Nα (with α = 1,2,3)
to explain the observed smallness of the three active neutrino masses at tree-level.
The out-of-equilibrium decays of these heavy Majorana neutrinos in an expanding
Universe create a lepton asymmetry, which is reprocessed into a baryon asymmetry
through the equilibrated (B+L)-violating electroweak sphaleron interactions [4].
In the original scenario of thermal leptogenesis [11], the heavy Majorana neu-
trino masses are typically close to the Grand Unified Theory (GUT) scale, as sug-
gested by natural GUT embedding of the seesaw mechanism. In fact, for a hierarchi-
cal heavy neutrino spectrum, i.e. (mN1 ≪mN2 < mN3 ), the light neutrino oscillation
data impose a lower limit on mN1 & 109 GeV [15]. As a consequence, such ‘vanilla’
leptogenesis scenarios [16] are very difficult to test in any foreseeable experiment.
Moreover, these high-scale thermal leptogenesis scenarios run into difficulties, when
embedded within supergravity models of inflation. In particular, it leads to a po-
tential conflict with an upper bound on the reheat temperature of the Universe,
TR . 106–109 GeV, as required to avoid overproduction of gravitinos whose late
decays may otherwise ruin the success of Big Bang Nucleosynthesis [17].
An attractive scenario that avoids the aforementioned problems is resonant lep-
togenesis (RL) [18, 19], where the ε-type CP asymmetries due to the self-energy
effects [20–22] in the heavy Majorana neutrino decays get resonantly enhanced.
This happens when the masses of at least two of the heavy neutrinos become quasi-
degenerate, with a mass difference comparable to their decay widths [18]. The res-
onant enhancement of the CP asymmetry allows one to avoid the lower bound on
mN1 & 109 GeV [15] and have successful leptogenesis at an experimentally accessi-
ble energy scale [19, 23], while retaining perfect agreement with the light-neutrino
oscillation data. The level of testability is further extended in the scenario of Res-
onant l-Genesis (RLl), where the final lepton asymmetry is dominantly generated
and stored in a single lepton flavor l [24–27]. In such models, the heavy neutri-
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nos could be as light as the electroweak scale, while still having sizable couplings
to other charged-lepton flavors l′ 6= l, thus giving rise to potentially large lepton
flavor violation (LFV) effects. In this mini-review, we will mainly focus on low-
scale leptogenesis scenarios, which may be directly tested at the Energy [28] and
Intensity [29] frontiers. For brevity, we will only discuss the type I seesaw-based
leptogenesis models; for other leptogenesis scenarios, see e.g. [12, 30].
2 Basic Picture
Our starting point is the minimal type I seesaw extension of the SM Lagrangian:
L = LSM + iNR,α γµ∂ µ NR,α − hlαLlΦ˜NR,α − 12N
C
R,α(MN)αβ NR,β +H.c. , (2)
where NR,α ≡ 12 (1+ γ5)Nα are the right-handed (RH) heavy neutrino fields, Ll ≡
(νl l)TL are the SU(2)L lepton doublets (with l = e,µ ,τ) and Φ˜ ≡ iσ2Φ∗, Φ being
the SM Higgs doublet and σ2 being the second Pauli matrix. The complex Yukawa
couplings hlα induce CP-violating decays of the heavy Majorana neutrinos, if kine-
matically allowed: Nα → LlΦ with a decay rate Γlα and the CP-conjugate process
Nα → Lcl Φc with a decay rate Γ clα (the shorthand notation c denotes CP). The flavor-
dependent CP asymmetry can be defined as
εlα =
Γlα −Γ clα
∑k
(
Γkα +Γ ckα
) ≡ ∆Γlα
ΓNα
, (3)
where ΓNα is the total decay width of the heavy Majorana neutrino Nα which, at
tree-level, is given by ΓNα =
mNα
8pi (h
†h)αα . A non-zero CP asymmetry arises at one-
loop level due to the interference between the tree-level graph with either the vertex
or the self-energy graph. Following the terminology used for CP violation in neutral
meson systems, we denote these two contributions as ε ′-type and ε-type CP viola-
tion respectively. In the two heavy-neutrino case (α,β = 1,2; α 6= β ), they can be
expressed in a simple analytic form [19, 21]:
ε ′lα =
Im
[
(h∗lαhlβ )(h†h)αβ
]
8pi (h†h)αα
mNβ
mNα
[
1−
(
1+
m2Nβ
m2Nα
)
ln
(
1+
m2Nα
m2Nβ
)]
, (4)
εlα =
Im
[
(h∗lαhlβ )(h†h)αβ
]
+
mNα
mNβ
Im
[
(h∗lα hlβ )(h†h)β α
]
8pi (h†h)αα
(m2Nα −m2Nβ )mNα mNβ
(m2Nα −m2Nβ )2 +m2Nα Γ 2Nβ
.
(5)
In the quasi-degenerate limit |mNα −mNβ | ∼ 12ΓNα,β , the ε-type contribution be-
comes resonantly enhanced, as is evident from the second denominator in Eq. (5).
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Due to the Majorana nature of the heavy neutrinos, their decays to lepton and
Higgs fields violate lepton number which, in presence of CP violation, leads to
the generation of a lepton (or B−L) asymmetry. Part of this asymmetry is washed
out due to the inverse decay processes LΦ → N,LcΦc → N and various ∆L = 1
(e.g. NL↔ Quc) and ∆L = 2 (e.g. LΦ ↔ LcΦc) scattering processes. In the flavor-
diagonal limit, the total amount of B−L asymmetry generated at a given temperature
can be calculated by solving the following set of coupled Boltzmann equations [16]:
dNNα
dz = −(Dα + Sα)(NNα −N
eq
Nα ) , (6)
dNB−L
dz = ∑α εα Dα(NNα −N
eq
Nα )−NB−L∑
α
Wα , (7)
where z≡mN1/T , with N1 being the lightest heavy neutrino, NX denotes the number
density of X in a portion of co-moving volume containing one heavy-neutrino in
ultra-relativistic limit, so that N eqNα (T ≫mNα )= 1, εα ≡∑l(εlα +ε ′lα) is the total CP
asymmetry due to the decay of Nα , and Dα ,Sα ,Wα denote the decay, scattering and
washout rates, respectively. Given the Hubble expansion rate H(T ) ≃ 1.66g∗ T 2MPl ,
where g∗ is the total relativistic degrees of freedom and MPl = 1.22× 1019 GeV
is the Planck mass, we define the decay parameters Kα ≡ ΓDα (T=0)H(T=mNα ) , where ΓDα ≡
∑l(Γlα +Γ clα). For Kα ≫ 1, the system is in the strong washout regime, where the
final lepton asymmetry is insensitive to any initial asymmetry present. The decay
rates are given by Dα ≡ ΓDαHz = Kα xα zK1(z)K2(z) , where xα ≡
m2Nα
m2N1
and Kn(z) is the
nth-order modified Bessel function of the second kind. Similarly, the washout rates
induced by inverse decays are given by W IDα = 14 Kα
√
xαK1(zα )z
3
α , where zα ≡
z
√
xα . Other washout terms due to 2↔ 2 scattering can be similarly calculated [16].
The final B−L asymmetry is given by N fB−L = ∑α εα κα(z→∞), where κα(z)’s are
the efficiency factors, obtained from Eqs. (6) and (7):
κα(z) = −
∫ z
zin
dz′ Dα(z
′)
Dα(z′)+ Sα(z′)
dNNα
dz′ exp
[
−
∫ z
z′
dz′′∑
α
Wα(z′′)
]
. (8)
At temperatures T ≫ 100 GeV, when the (B+L)-violating electroweak sphalerons
are in thermal equilibrium, a fraction asph = 2879 of the B−L asymmetry is repro-
cessed to a baryon asymmetry [31]. There is an additional entropy dilution factor
f = N
rec
γ
Nγ ,∗ =
2387
86 due to the standard photon production from the onset of leptogen-
esis till the epoch of recombination [32]. Combining all these effects, the predicted
baryon asymmetry due to the mechanism of leptogenesis is given by
ηB =
asph
f N
f
B−L ≃ 10−2 ∑
α
εα κα(z→ ∞) , (9)
which has to be compared with the observed BAU given by Eq. (1).
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3 Flavor Effects
Flavor effects in both heavy-neutrino and charged-lepton sectors, as well as the in-
terplay between them, can play an important role in determining the final lepton
asymmetry, especially in low-scale leptogenesis models [13]. These intrinsically-
quantum effects can, in principle, be accounted for by extending the flavor-diagonal
Boltzmann equations (6) and (7) for the number densities of individual flavor species
to a semi-classical evolution equation for a matrix of number densities, analogous to
the formalism presented in [33] for light neutrinos. This so-called ‘density matrix’
formalism has been adopted to describe flavor effects in various leptogenesis scenar-
ios [34–36]. It was recently shown [26,37], in a semi-classical approach, that a con-
sistent treatment of all pertinent flavor effects, including flavor mixing, oscillations
and off-diagonal (de)coherences, necessitates a fully flavor-covariant formalism. It
was further shown that the resonant mixing of different heavy-neutrino flavors and
coherent oscillations between them are two distinct physical phenomena, whose
contributions to the CP asymmetry could be of similar order of magnitude in the
resonant regime. Note that this is analogous to the experimentally-distinguishable
phenomena of mixing and oscillations in the neutral meson systems [5].
One can go beyond the semi-classical ‘density-matrix’ approach to leptogenesis
by means of a quantum field-theoretic analogue of the Boltzmann equations, known
as the Kadanoff-Baym (KB) equations [38]. Such ‘first-principles’ approaches to
leptogenesis [39] are, in principle, capable of accounting consistently for all flavor
effects, in addition to off-shell and finite-width effects, including thermal correc-
tions. However, it is often necessary to use truncated gradient expansions and quasi-
particle ansaetze to relate the propagators appearing in the KB equations to particle
number densities. Recently, using a perturbative formulation of thermal field the-
ory [40], it was shown [41] that quantum transport equations for leptogenesis can be
obtained from the KB formalism without the need for gradient expansion or quasi-
particle ansaetze, thereby capturing fully the pertinent flavor effects. Specifically,
the source term for the lepton asymmetry obtained, at leading order, in this KB ap-
proach [41] was found to be exactly the same as that obtained in the semi-classical
flavor-covariant approach of [26], confirming that flavor mixing and oscillations are
indeed two physically-distinct phenomena, at least in the weakly-resonant regime.
The proper treatment of these flavor effects can lead to a significant enhancement
of the final lepton asymmetry, as compared to partially flavor-dependent or flavor-
diagonal limits [26, 27], thereby enlarging the viable parameter space for models of
RL and enhancing the prospects of testing the leptogenesis mechanism.
4 Phenomenology
As an example of a testable scenario of leptogenesis, we consider a minimal RLl
model that possesses an approximate SO(3)-symmetric heavy-neutrino sector at
some high scale µX , with mass matrix MN(µX ) = mN13 +∆ MN [23,25], where the
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SO(3)-breaking mass term is of the form ∆ MN = diag(∆M1,∆M2/2,−∆M2/2) [27].
By virtue of the renormalization group running, an additional mass splitting term
∆ MRGN ≃ −
mN
8pi2 ln
(
µX
mN
)
Re
[
h†(µX )h(µX )
]
(10)
is induced at the scale relevant to RL. In order to ensure the smallness of the light-
neutrino masses, we also require the heavy-neutrino Yukawa sector to have an ap-
proximate leptonic U(1)l symmetry. As an explicit example, we consider an RLτ
model, with the following Yukawa coupling structure [23, 24]:
h =
 εe ae−ipi/4 aeipi/4εµ be−ipi/4 beipi/4
ετ ce−ipi/4 ceipi/4
 , (11)
where a,b,c are arbitrary complex parameters and εe,µ,τ are the perturbation terms
that break the U(1) symmetry. In order to be consistent with the observed neutrino-
oscillation data, we require |a|, |b|. 10−2 for electroweak scale heavy neutrinos. In
addition, in order to protect the τ asymmetry from large washout effects, we require
|c|. 10−5 ≪ |a|, |b| and |εe,µ,τ |. 10−6.
A choice of benchmark values for these parameters, satisfying all the current
experimental constraints and allowing successful leptogenesis, is given below:
mN = 400 GeV,
∆M1
mN
= −3× 10−5, ∆M2
mN
= (−1.21+ 0.10 i)× 10−9,
a = (4.93− 2.32 i)× 10−3, b = (8.04− 3.79 i)× 10−3, c = 2× 10−7,
εe = 5.73 i× 10−8, εµ = 4.30 i× 10−7, ετ = 6.39 i× 10−7. (12)
The corresponding predictions for some low-energy LFV observables are given by
BR(µ → eγ) = 1.9× 10−13, BR(µ−→ e−e+e−) = 9.3× 10−15,
RTiµ→e = 2.9× 10−13, RAuµ→e = 3.2× 10−13, RPbµ→e = 2.2× 10−13, (13)
all of which can be probed in future at the Intensity frontier [42]. Similarly, sub-TeV
heavy Majorana neutrinos with O(10−2) Yukawa couplings are directly accessible
in the run-II phase of the LHC [43] as well as at future lepton colliders [44].
In general, any observation of lepton number violation (LNV) at the LHC will
yield a lower bound on the washout factor for the lepton asymmetry and could fal-
sify high-scale leptogenesis as a viable mechanism behind the observed BAU [45].
However, one should keep in mind possible exceptions to this general argument,
e.g. scenarios where LNV is confined to a specific flavor sector, models with new
symmetries and/or conserved charges which could stabilize the baryon asymmetry
against LNV washout, and models where lepton asymmetry can be generated be-
low the observed LNV scale. An important related question is whether low-scale
leptogenesis models could be ruled out from experiments. This has been investi-
TeV Scale Leptogenesis 7
gated [46–49] in the context of Left-Right symmetric models and it was shown
that the minimum value of the RH gauge boson mass for successful leptogenesis,
while satisfying all experimental constraints in the low-energy sector, is about 10
TeV [48]. Thus, any positive signal for an RH gauge boson at the LHC might pro-
vide a litmus test for the mechanism of leptogenesis.
5 Conclusion
Leptogenesis is an attractive mechanism for dynamically generating the observed
baryon asymmetry of the Universe, while relating it to the origin of neutrino mass.
Resonant leptogenesis allows the relevant energy scale to be as low as the elec-
troweak scale, thus offering a unique opportunity to test this idea in laboratory ex-
periments. Flavor effects play an important role in the predictions for the lepton
asymmetry, and hence, for the testability of the low-scale leptogenesis models. We
have illustrated that models of resonant leptogenesis could lead to observable effects
in current and future experiments, and may even be falsified in certain cases.
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